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Abstract 
To surmount the threat of environmental hazard and to prevent the exploitation of natural resources, hybrid vehicle 
provide the solution in terms of alternate energy sources like battery, fuel cell or ultra capacitor. Usage of battery in 
hybrid electric vehicle reduces the demand of petroleum but increases the complexity in terms of its state of charge 
(SOC) estimation. Under various temperature conditions, battery charging/discharging efficiency changes, hence 
vehicle performance is affected. To investigate this, a novel SOC estimation formula is introduced. Genetic algorithm 
based control strategy is exercised to find the optimal fuel economy for the hybrid electric vehicle at various 
temperatures using proposed SOC estimation method. Vehicle performance varies abruptly other than nearby room 
temperatures and at higher temperature fuel economies are found to be better compared to the lower temperature. But, 
usage of battery at high temperatures for longer time reduces its life and diminishes vehicle performance.  
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Introduction 
In hybrid electric vehicles (HEVs) battery along with internal combustion engine provides the 
solution for a pollution free ecosystem and restricts the apace mining of natural assets. Battery plays an 
important role and its performance gets analyzed by the different parameters like OCV, resistance, 
capacity and SOC. These parameters get influenced by the temperature, aging and charging/discharging 
cycles. Article concentrates on the effect of temperature on battery functioning and impinge effect on 
vehicle performance. In literature various methods for the SOC estimation are available but the voltage 
based SOC and current based SOC are found to be most promising methods. But they have disadvantages 
as well which are explained in the coming section. A novel method of SOC estimation is introduced here 
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along with the consideration of temperature variation. In advanced vehicle simulator (ADVISOR), current 
based SOC estimation method is used as default which has been modified by the authors with the new 
developed method. At various temperatures, effect on vehicle performance (in terms of fuel economy, 
vehicle request and achieved speed, engine on/off status, SOC variation) has been analyzed here in detail. 
 
Nomenclature 
SOC state of charge   η         correction factor   dV
dT
 temperature coefficient 
Ea activation energy          a1        battery terminal voltage when SOC = 0% R  gas constant 
SOCv voltage based SOC  a0        battery terminal voltage when SOC = 100%  Cp battery capacity in Ah 
SOCi current based SOC mpgge      miles per gallon gasoline equivalent V(t)     open circuit voltage (OCV) 
2. Proposed SOC estimation method 
A large number of researchers attempted to calculate exact SOC of the battery. Pang et al. used OCV 
method to calculate the SOC of the battery [1]. The OCV based SOC estimation technique is 
advantageous in various aspects like i) OCV versus SOC characteristic is independent of the age of the 
battery [2] ii) this is very accurate but requires some rest time [3]. Ampere-hour counting (current based 
SOC) method is a suitable method to estimate SOC of the battery as it is easy, direct and easily 
implementable. If the current measurement is accurate, then the method is found to be reliable. But it may 
have some initial value or accumulated error problems [4]. To overcome the shortcomings and to realize 
the advantages, these two methods can be combined together. Tang et al. [5] and Verbrugge and Tate [6] 
identified the contribution of both SOCv and SOCi together to estimate accurate SOC. A simplified 
battery model is considered here with the voltage source V(t) and internal resistance Rint [7]. Terminal 
voltage (OCV) is given as (1). Battery dynamics here is investigated other than room temperature (normal 
operation condition). Room temperature has been used as the reference to calculate the battery parameters 
other temperatures using well established theories as given in (1), (2) and (3).  
           (1) 
At high temperature, the chemical reaction taking place in a battery cell requires less activation energy 
whereas at low temperatures intercalation and de-intercalation requires high activation energy for the 
chemical reactions to occur. The participation of ions varies with the temperature hence alters the cell 
voltage and current flow. OCV at any temperature T can be realized as in (2) corresponding to the OCV at 
room temperature.  
           (2) 
Cell reaction rate is governed by the Arrhenius equation as in (3) and the current gets double for every 
10˚C rise in temperature.  Current based SOC and voltage based SOC can be estimated by (4) and (5) 
respectively. SOCv and SOCi are needed to be combined to give the more appropriate SOC estimation 
using a weighting factor [8] and a correction factor (CF) as presented in (6). CF is represented as η which 
varies with the change in temperature.  
           (3) 
           (4) 
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           (5) 
 
           (6) 
 
 3. Correction factor assessment  
Determining CF is an important and more complex process. As battery supplies energy to the load 
(vehicle) so an accurate SOC estimation is an important consideration under dynamic state of 
charge/discharge for the driver and controller. Over the time horizon, under the operational conditions the 
current transfer rate affect the CF. CF is closely related to the charging and discharging rate. The 
performance of the battery with the load is expected to vary and CF gets modified for the varing 
conditions. Available literature says that CF at the fixed temperature is a function of SOC. Authors 
verifies the variation of CF with SOC and temperature; and justifies with the mathematical expression 
derived. When battery alone is considered then CF can be estimated as given in (7) but as it gets 
associated with the load, it varies significantly and can alter the performance of vehicle. 
           (7) 
At high SOC levels, the kinetic rates are high due to the presence of more un-reacted active mass and 
presence of higher level of electrolyte concentration which leads to rapid material conversion. At low 
SOC levels, the kinetic rates are relatively low and lead to 100% charge efficiency [9]. Change in 
temperature directly influences the rate of reaction and governs the CF. It can be summarized that CF is a 
function of temperature T and SOC.  Simulation results verify the effect of SOC and T over CF. CF 
derived can be stored or calculated 'on-the-fly' and applied incrementally to correct the SOC. CF variation 
with the SOC and temperature is shown in fig. 1. 
 
 
 
 
Fig. 1: Correction factor variation with temperature and SOC 
Exploration of CF for the range of SOCs with wide temperatures series is performed i.e., 0˚C, 25˚C, 50˚C, 
60˚C (very low, high and room temperature) which helps to find a healthy operating range for the battery.  
The pattern achieved is more or less follows Cauchy's distribution. At room temperature (25˚C), CF is 
high at lower SOCs and gets low down with the higher SOC values. The same pattern is observed for the 
0˚C, 50˚C and 60˚C; only the quantitative measures are changed. Firstly, using simulation, it is estimated 
at room temperature and values are stored in the look-up table. According to the developed relation as 
given in (8), CFs are calculated 'on-the-fly' at various SOCs and temperatures and is verified by 
simulation results. ԑ is the error tolerance, applicable in the cases of temperature variation. 
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4. Simulation and result discussion 
Hybrid electric vehicle model from the ADVISOR is chosen to run on the standard driving cycle 
(ECE_EUDC) under various temperature events of the battery. Genetic algorithm (GA) is used to 
optimize the performance of the vehicle on the basis of some parameters given as 1) cs_eng_on_soc, 2) 
cs_min_pwr and 3) cs_eng_min_spd. Three different sets corresponds to the individual, group of two, and 
three named as set 1, set2, set3. These parameters individually and in the different combinations affect the 
vehicle operation [10]. GA is a heuristic search algorithm to generate the solution to optimization and search 
problems. It begins with a set of solutions (chromosomes) called population. The solutions from one 
population are taken according to their fitness to form new ones. Most suitable solutions will get a better 
chance than the poorer solutions to grow and the process is repeated until the desired condition is satisfied. 
GA is a robust and feasible approach with a wide range of search space and rapidly optimizes the parameters 
using simple operations. GA is efficient at searching the global optima, without getting stuck in local optima 
[11]. Population size is taken six times of the number of parameters considered during simulation with 
70% crossover. The battery is supposed to have 80% initial charge in it and is assumed to maintain the 
same at the end of the trip. Fig. 2 shows the variation of SOC over the entire driving cycle at different 
temperatures along with the above assumptions. At 0˚C battery discharge level is lesser than at 60˚C. A 
much deeper discharge is observed at 50˚C in comparison to 60˚C, but it should also be considered that 
during charging, 60˚C plot goes up to much higher level than 50˚C. This characteristic can get change as 
shown in fig. 3 which depends on the initial charge level and considering the case up to which point 
battery needs to be charged before finishing the trip.  The observable facts make it clear; at low 
temperatures the battery energy cannot be utilized properly whereas at higher temperature much deeper 
discharge level can be achieved. The continuous usage of battery at higher temperature promises for the 
good fuel economy but need frequent charging (either through engine or regenerative braking) to cover 
the trip using electrical energy. Frequent charging and discharging reduces battery durability. Battery is a 
costly component and lesser durability may affect the hybrid vehicle's market in terms of economy.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. SOC variation at different temperatures with 80% initial 
charge            
Fig.3. SOC variation at different temperatures with 70% initial 
charge 
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Fig. 4 depicts the engine on/off status i.e., during the trip coverage, at different time instances 
engine is off/on. A high (like 1) status symbolizes the engine off condition and low status as engine on 
state. At 60˚C, on/off transition counts more compared to other lower temperature conditions, results in 
frequent charging/discharging of battery. Engine on/off level corresponds to the battery 
charging/discharging status as shown in fig. 5 for 25˚C. The same should be followed for all the cases as 
well but at very high and low temperatures expected is not observed. At 0˚C and below as well as at 50˚C 
and above, the corresponding on/off state of engine doesn't follow the battery charging/discharging 
sequence, hence using battery at these temperatures may lead to improper execution of the control 
strategy developed for the vehicle. Fig. 6 demonstrates nature and amount of charging/discharging current 
with the vehicle driving. Current level corresponding to the 0˚C is low in amount whether charging or 
discharging, but at higher temperatures the same is much more in extent which results in decreased 
durability of battery. Current in the negative direction shows charging of the battery and positive 
demonstrate the discharging phenomenon. Table 1 summarizes SOCs and fuel economies of the vehicle 
which compares the SOCs and fuel economies of different sets of parameters with automated 'on-the-fly' 
method at 0˚C, 25˚C, 50˚C, 60˚C respectively. It concludes that the SOC estimation at other than room 
temperature is quite near to the expected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4: Engine on/off status at different temperatures         Fig.5: Engine on/off sequence with charge/discharge at 25 ˚C  
 
 
 
       
 
 
 
 
Fig.6: battery current at various temperature 
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Table 1. SOC estimation using correction factor at various temperatures using genetic algorithm 
 
Set                                                                 Temperature 
 
Parameters 
0˚C  25˚C  50˚C  
SOC mpgge SOC mpgge SOC mpgge 
1 cs_eng_on_soc 79.03 43.80 80 47.33 76.65 48.53 
cs_min_pwr 80.30 44.17 80 45.45 76.78 46.84 
cs_eng_min_spd 79.12 43.91 80 47.33 74.50 46.15 
2 cs_eng_on_soc and cs_eng_min_spd 80 44.10 80 46.85 80 49.44 
cs_eng_on_soc and cs_min_pwr 80 44.10 80 47.338 80 50.14 
cs_min_pwr and cs_eng_min_spd 82.45 44.74 80 47.33 80 50.29 
3 cs_eng_on_soc, cs_min_pwr and cs_eng_min_spd 82.45 44.74 80 47.33 77 48.43 
5. Conclusion 
Performance of the battery varies with the load and temperature which can be approximated to 
the nearby true value using correction factor derived. Correction factor can be calculated 'on-the-fly' using 
proposed method. Temperature variation affects the current, voltage and SOC of the battery which affects 
the engine transition (on/off). Effect of temperatures is analyzed to restrict the operating range of the 
vehicle to achieve the fuel efficient performance along with the longer battery life. The error between 
expected and calculated values of SOC is very less and hence provides the genuine values of fuel 
economies. At lower temperature fuel economies are lesser and at higher temperature these are high 
compared to the room temperature's values, thus verifies the theory of temperature effect on rate of 
reaction of battery cell. 
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